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1. INTR.ODIJ(:’J’ION

Symbiotic systems arc long pcriocl  binaries ill which a white dwarf usually accrwtes
material from the wind of a red giant companim 1. Accretion in tllcsc systems, however,
]nig]]t also occur  when a very cwolvcd  rcd giant overflows its I{OCIJ lobe. In this case
tl]c strca]n  of mat tcr flows bcyo] ~d the first Lagrangian point and forms an accrct ion disc
around the accrcting  white dwarf. In the symbiotic systems AX Pcr and CI Cyg, the
accrcti]lg  secondary is yet a solar-type main-scqucrrcc star rather than a hot white dwarf
(Kcnyon  ct al. 1991; Mikolajcwska  & Kenyon 1992).

]n C] Cyg,  Kcnyon  ct al. (1 991) derive rr hot colnponc]]t  tcmpcraturc  of 125 x 103K.

They estimate R, % 0.2- 0.4.Tt@ and &f* R 0,5M0  for the accrcting  star, with M H
1 --3 x 10--slkfo  /y during quiescence and M UI) to 10–3AJ6)/y durillg outburst. For AX
Per, Mikb}ajcwska  & Kcnyo]l  (1 992) find T M 125- 145 >< 103}{ for the hot COlll])OIICIlt ,

while R* S 0.31?@ and M, x 0.4M0. They estimate M w 1.5- 3 x 10-”5AJ@/y during

quicscxmcc  and M w 4 x 10-41kf0/y  during outburst. The radius 1{, and mass &f* estimates
arc based on tllc invcst,igatio]l  of Kcnyon  ct al. (1 991), WIN avoid to treat the complex
prolx!]  ties of tllc boundary layers by assuming tlmt  it can bc a] )]woximatccl  as a thin ring
with a riidial  thickness SR/.R_  ~ V8/V1{  (Kcnyon  & Hartmalul  1990, vg and VK arc the
sound a]]d the Kcplcrian  velocity respcctivcly).  Ill this picture, the energy clissipatcd  in
t]]c dynamical boundary layer (of radial extend 6}J 1, ) is emitted from a larger region (the
tl]crmal bounclary  layer) of extend AR w 11~~~,  > 6~~1, (131)],, tllc disc thickness in the inrrcr

region of the disc, l>ringlc 19’77). As M increases from 10-5 u]) to few 10--4 A40/y, the
vertical t,hickncss  of the disc is bclicwcd to incrcasc from 0.01 - 0.05.R. up to 0.3 R*, and
tl]crcfore tllc boundary layer is bclicvcd  to cool (1< enyon ct al. 1991).

Ill both systems the optical luminosity (which originates from the disc) incrcascs from
S 102L~ (cluring quicsccncc)  up  t o  % 1 04 LE~ (at maximuxil  outburst). However, the
IJcll  emission lines present during quicscel]cc  (ori~,illating;  froni the “ hot componcllt”  - the
1 mundary layer) arc not observed at maximum, w]] ich Incans that the cffcctivc  tcmpcraturc
in tllc boundary layer probably frdls below GO,  000K. In addition, the lack of emission lines
with nmdcratc  ionization pot,cntials  indicates that it can bc w low as 10,000 – 20,0001<
at maximum.

Rccc]]t  one-dimensional boundary layer c.alculatiolls  (1 ‘o] )harn ct al. 1993; Liourc &
I,c ~o]]tcl  1994; I’opham  & Narayan 1995; GOC1OI!  199%,1); Godo II, ltcgcv  & Shaviv 1995)
llavc slmwn indeed that the cllcrgy dissipated in tl]c dylmll~ical  lmmldary layer (region of
nigh slmar,  duc to the gradicllt of tllc angular velocity) is emitted froll] a much wiclcr  rc.gion
(tl~c thcr~nal bom]darv  layer), tl}crcforc  leading to ratl~er. cool 1 mundary layers (see also
section 2). III tllcsc calculatio]]s the tcr-in for tl]e radial diflusiml  of ellcrgy  in tllc disc is
cssclltial to rc]woducc  the results: the cncxgy dissipated in {he dynamical boundary layer is
radiated radial] y outward, However, all tllc above numerical ca~culations wcrw carried out
for accretion discs around white dwarfs (Po])haln k Narayall 1995; Godon 1995a; Godon
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ct al. 1995) and around prcl-xnai]l  sequence stars (Po],haln ct al 1 993; IJiourc & IJC Contcl
1994; Godon  1995b). So far, no boundary layer calculations }iavc hccn performed around

maimsequcl~cc stars with 1?,,  % ().2 – 0.4, M* x 0.5A4@  and ~ x 10- s – 4 x 10--4 A4@/y.

‘1’hc pm-pose of the ~)rcscnt  work is to }Jrovidc, for the fiI st time, boundary ]ayer
calculaticnis  for sy~nbiotic  stars, and to answer the question wllcthcr boundary layer models
can cx]daixl  the observed bchaviour  of the hot compcmcnt in otlt Lursts  of symbiotic stars.

in section 2 the numerical modeling of the boundary layer region is rcvicwcd. The
numerical results for AX Per and Cl Cyg are prcscntcd  in scc.tion  3 wld discussed in section
4.

2. MODELING ACCRETION DISCS BOIJNI)ARY  LAYERS

2.1 Equations and asstnnptio]]s

‘J’llc cquaticms  arc written and solved in cylindrical coordillates (r,+, z). AxisyJnn~ctry
is assu]ned  around the z-axis, and the equations ale vertically i]ltcgratcd. l’hc remaining
cquatiolls  arc, thcrcforc,  one dimensional (in ~). T] LCY in~hld~ t}lc gravitY  Of t~lc accrcting
st w, viscosity and radiative transfer treated in t] lC diffusion approximation. Radiation
pressure is furt]lcr taken into account in tllc cqua Lioll  of’ state. ‘J1hc mcdiuln is assumed

to bc optically thick. Tllc  exact form of the equations a]ld tl]c l)]lysical  assmnptiolls  have
Imc]} widely dcscribcd  in Godon (1995a,b), mld Godon et al. (1995). Thcrcforc,  only a
brief dcscriptio]~  of the assuml)tions  arc given here. For  ~l~orc details the reader  is rcfcrrcd
to tlllc al)ovc rcfcrcnccs.

At tl]c inner boundary of the computational domai]l, tlllc accrcting star rotates at

consta]lt a]lgular  velocity (Q* =- 0.1 QI{(lL )) and a const)mlt  inflow of matter (Al) flows
i]]to  tlic stclhw surface. A lloll-flux (dT/dr  == O) condition is also ixllposcd at this boundary.
At tllc outer boundary a gcolnctrically  thin Kcplmian disc is assumed.

T1)c ]nctllml used in this work is a til-llc-clo~>c]]dc]lt  mct)]od. The initial conditions arc
the su])crposition  of an isothermal atmos]hcrc  a.] id an inilowillg disc of matter.

Tl]c viscosity I)rcscri])tion  used here is I)ascd  011 the a])])roacl]  dcvclopcd  Ly Godon
(I W5C), a,~d is si]nilar  to tllc Ollc used in ~;odoIL  (19951)). ‘1’hc value of tllc viscosity
]mraInctcr  is a % 0.1 (Inorc precisely 0.05 < a < O.~ U). ‘J’l]is ensures solutions with a
disti]lct tllcrlntd  bcmndary layer and sulxxnlic  ra.({ial  i]~fdl vcl<)citics (SCC also SCC.  2.3, and
Godoll  1 Mm).

2.’2 The nulncrical  ]nctllod



.
., ‘*
. .

5

The sl>atial  dcpcndencc  of the equations is trealed with tile usc of a Chcbyshcv  spectral
IImthod  (Gottlieb  & Orszag ]977; Voigt, Gottlicb  & Hussaiui 1 WI; Canutto et al. 1988),
whi]c the tilne dependence of the cquatiolls is solved with aIJ ill)plicit  Crank-Nicholson
SC,l ienle for tllc energy equation and an explicit second order 1 LUT qy-Kut t a Irrethod  for the
rcllmillillg cquaticms.  A time depcxldcnt  Chcbyshev  pscudospcctral  method of collocation
has bcc]l clcvelopcd  r-ecelltly to treat astrophysical flows (Godo)] & Shaviv 1993), and has
bccll  a])])lied  to one-dimensional accretion disc Ixmu)dary  layers (Godon  1995a & b, Godou
et al. 1995) and two-dimensional rotating envelc)ps  of stars (Godon  & Shaviv  1995). All
the details of the numerical method can be found i] L the rcfereltccs  above. In the present
calculations 64 grid ~)oints  (the collocation points) are choscll
and stability of the numerical scheme.

2.3 Doundary layers modclilq~

Accretion disc hounda,ry  Iaycrs have been modeled using

to ensure good rcsolutiou

tlw above tilnc dependent
method to treat bou]~da,ry layers arouncl white dwarfs  (ill Catac.lysxnic  Variable systems,
GorloIl  1995a; Godon ct al. 1995) and pre-mfijn  scqucncc  stars (’1’-~~uri wld FU orionis
stars, Godon  1995 b). In t,llcsc  calculations t,llc cllcrgy dissipated in tllc clylmmical  boundary
layer (region over which the angular velocity in the im]er part of tllc disc dccrcascs from its
Keldcrial~ value to adjust to the slowly rotating stellar surface)  is radiated radially outward
and hcat,s u]> a much wider region (tl]c t hcrmal bou udary layer, rc.gion over whic]l t}m
tcllll)craturc  is significantly  larger thall t}lc disc tcmpcraturc).  ‘1’llc boundary layer el~ergy
is therefore clnitted  fro]n a
low.

Around white dwarfs

tions, has a widtl~ j~~~ w

cffectfivc  tcln~x:rature  q}f~

—.
rat her broad region, and the tcln~x:ratulc  is conscquentl y rather

the dyllamical boundary la],er,  obtained in the above calcula-

10–31?*,  a thermal boundary layer widt]]  r$~~~,  m 0.1 R* a]ld all

W 10 SK, for a mass accrctiml rate Jj w 1 O--9 &f~/y. For l)rc-

main scquc Ilcc stars tllc ])ic.{,ure  is com~)lctcly  different. One obtains d~j~ = 0.1 — t).51t*,

d;;!,  = 0.3-- Ill*, y~jf % 7000-- 120001{, for J1 =: 5 x 10–7 
LI1) to 10--4M~)/y. For ac-

cretion aroul]d lnaill  scquellcc  stars (symbiotic stars with M x 1 - 10 x 10–5AJ0/y)  OIIC
ex~)ccts  boundary layers widths si~ni]ar  to t}lc case of ]n-c-rrlaixl scqucllcc  stars but with
tmn~wraturc  silllilar  to the white dwarf case (Mikolajcwslm 1995).

IIowevcr, o~Lc  lnust take i:lto consideratio]l that st)lnc of t}lc ~)llysical  assuln])tiolls,
wl~icll  arc still a subject of dcbatcsj  call affect tllc llulncrica]  Icsu]ts  (for cxallll)lc the
viscosity I)}irtllllctcr  0). ‘1’hercforc,  we justify below in so]l]c  details tllc asslllllptiolls  Inadc
in tllc Incscmt  work.

- AI] inner boul~dary  ccmditioll  is nccclcd  on O]lC of tllc tllcllllc](lyl)~~]l~ic  variables (tile
dcl)sity,  the ~)rcssurc,  the c]]crgy or t]le tcmperatum).  ‘1’llc bouIIdary  conditicm  is generally
imposed 011 t}lc tmln~)craturc or on the radial flux of energy Fr == o-![~  ,j, (w]lcrc T*C f f is t]lc

I
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effective te]nl~cra,turc  of t}lc star).  The tclmpel  a,turc I)oundary coudition lcacls to solutions
in which the boundary layer pcmrs cncr’gy into the stfir, whi]c t]ic! flux boundary  condition
leads to solutions in whic]l the star pours energy into ihc boundary layer. ~’hc temperature
condition is difficult to treat numerically, since it can lead to a large tmnpcraturc gradient
near tllc stellar surface. The flux boundary condilion  leads to higher boundary layer
tcm])craturcs  than the tclnpcraturc  condition. This is especially true for low mass accretion
rate systems (Iikc in ‘l’Tauli,  R,cgev  & 13crtout  1995, c~odon et a~. 1995, and Godon  1995b).
Fortunately, at higher accretion rates, the results do ]]ot depend on the boundary condition
(Godon  1995b). Thcrcforc,  wc dccidc  to impose a non-flux condition dT/dr = O at the
inner boundary, which has the advant  agc of being; ca sy to treat numerically. For the mass
accretion rates considered in the present work, the three different boundary conditions
(flux, txxnpcraturc and non-flux) lead to practically the satnc  results.

The  va]uc of the al~)ha  viscosity lmramctcr, as WC1l, GL1l significmltly  affect the
solutions. When a low value of a is 2LSSU1nCd  (w 1 0 -4-- 10--3), a much larger density is
nccdcd  to rc]~rcxlucc  a given mass accretion r;Ltc in comparison to the case where a % 0.1 — 1.
Furthcrlnorc,  the dcnlsit,y  affects the opacity law, tllc diffusiol)  and advcction of cncx-gy. In
prc-main  scqucncc  accretion discs this effect is do]ninant: WIICI)  a < ~CrifiC w fcw 10–2,
the solutions exhibit 1]0 distinct the thermal boundary layers, a]ld the maximum cffectivc
tcmpcraturc  is rather low (Godon  1995b).  Ill fact, a very low a has km justified only in
FU orionis  discs, to reproduce the outburst time scales (~ == 10-3 – 10-4). on the other
hand, a large a (w 1 ) leads to supersonic radial  infall vclocitics, in contradiction with the
causality forma lis]n dcvclopcd  by Popham & N arayan 1992. Co]] sequcntl  y, wc chose an
intcrmcdiatc  value for t]]c viscosity ~)arametm  Q w 0.1. Sollltions  obtained with a w 0.1
have subsonic radial illfall velocities and higher boundary layer tcln]wraturcs.

Ill all tllc boundary layers calculations wc ]mrformcd  previously, as WC1l as in the
present calculations, there arc mainly three characteristic time scales involved in the evo-
]ution of the models: the dynwnic  time Td % 27r/fl  K, the viscous time T* w &/v,,  and the
time sca.lc  over which a pcrturbatio]l  propagates in the inm’ ])art of t]m disc 71, w -&/c.9
(in the ]nmscl~t  calculations ~J, < ~d < ~U).  As the ~nodcls evolve fro~n the i,~itial  conditions,
strong ~~crturljatiol~s  al)~)car  and then decay on a tnnc <i; ~i, . At this stage, most of the
va,rial~les  arc already CIOSC to their stca,dy  state va]ucs, howcvcl’ the decreasing luminosity is
still milch larger tllml  li~ CC. l.argc  amplitude oscil  Iations  (local variation of M) ~)ropagatcs
bctwccll  tl~c bo~lndaricx.  After a time ~-~ s fifi”~ the lutniliosity  of the model approaches
1,.,./2, wllilc all tl~c other variables (including th[ tcmpcraturc)  do not clLange appreciably
(few pcrccnt  at most), and tl]c amplitude of the oscillatio]]s  llavc dccrcascd by about 50
~~crccllt  (SW:  Godol~ 1995a & l), for more details). All the ]~~odcls ill this work have been
fo]lowcd on a tilnc scale T, to ensure that the results arc CIOSC to tl~eir steady sta.tc value.

3. I_IOT 1301JN1)AR% I, AYEI{S AROUND  AX l>l’:R ANI) Cl CYG

In this section we ])rcscnt  the results of s(wcral  ]nmlcls  of accretion disc boundary
layers around main scqucnc.c  stars corrcs])o]ldin[~  to the syn]ljiotic binaries AX Per and CI
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Cyg. ‘J’llc results arc sulnlnarizcd ill ‘1’able 1. I1i colum]l 1 t,llc IIZLIIICS  of the ]nodcls arc
listmd.  ‘J’llc illput ]mraxnct,cr of the models arc the radius of tllc accrcting  star (column 3),
tllc mass of tllc accrctillg  star (colulnxl 2), and the mass accrcticm rate (colulnn 4). TIIC
important output paralnctcrs  arc the t]lickncss  of the inner ~Jart  of the disc (column 5), the
width of the t]lcrmal boundary hrycr  (colulnll 6), the width of tllc dynamic l.mulldary  layer
(column 7), and the maximum eflcctivc  tcm]xxaturc  in the thcrlllal  boundary layer region
(COIUII,*l  8). !l’l~c models arc grouped i,] tl,rcc sets. In the first set (Inodcls 1,5,31, and 2)
the mass of the star is kept constant while tllc radius varies froln 0.2 to 0.4 solar radius
(for a mass accrctiox~ r-ate of a fcw 10--5 solar mass pcr year). l], the second set (models
3,31,2,22,23,24, and 4) the raclius and the mass of the accrctillg  star arc kept collsta,nt
while the mass accretion rate is increased from 1 x 10–5 to 3 x 10--4 solar mass pcr year.
In the last set (models 5,6,7, and 8) the stellar radius is kept constant while the mass of
t llc star varies for diffcrcllt mass accrct ion rates.

A look at tllc table (first and last sets) i~nlncdiittcly  SI1OWS that, tclnpcraturcs  of T >
10s K arc rcachcd  only for M* = 0.5A40 and R, == 0.2}/..

‘1’]lc seven models of tllc second sets (Inodcls 3,31 ,2,22,23,?.4, and 4 in table 1 ) arc
draw~l ill figure 1. ‘J’llis gral)lls shows the dcpcndc]  [CC of L1lC maximmn cf~cctivc tclnpcr-
aturc as a functiou  of tllc mass accretion rate for M* =- 0.5A4C)  and R, == 0.21tC).  Tllc
maxillm~n cffcctivc  tcmpcrat  urc (in the boundary 1 aycr region) incrcascs with increasing

~nass accretion rates. It reaches a maximum of 136 x 103K for M =. 7 x 10-”5Mo/y,  tllell
it stays Ilcarly  constant (7’ ~: 1.3 x 1051{) as the ]Ilass accrctic)ll  rate cxcccds  10--4 solar
lna,ss  })CI year. In f@rcs  2LL-C wc show tllc tc]npcraturc  profile, tl]c vertical thickness, and
tllc allgLllar  rotatiorl rate for nlodcl  3. Tllc  same p:lramct(:rs  arc sI]ow]] ill figure 3a- c for
nlodcl  2’2, WIICI1 tllc tcmpcraturc  rcachcs its nlaximutn.  It IIlust bc stressed that tllc radial
scale is ]Iot the same in figures 2 and flgurcs 3. As the mass accretion rate incrcascs and
the tcm])craturc  rcacllcs a maximum, the thickness of the disc.  irlcrcascs from x 0.1 up
t,o w 0.35 R*, and both tllc tllcrmal and dynamical 1 )oulldary  layers i~lcrcasc  by about the
saIIlc factor.

4. l] ISCIJSSION  AND CONCI,lJSION

Tl]c sylnbiotic  billarics AX l)cr and Cl Cyg ha,~’c scvcra] obscrvatiollal c}laractcristics
in comlnon+ They arc l.mtll  transferring material at a fcw x 10--s~4~ /y into an accretion
disc arcml)d  a lnaill-scqllcllcc  stars of mass M* % 0.4 – 0.5A10) ?LI~{l radius 0.2-- 0.4R,0.  ‘J’llc
o])tical luminosity incrcascs by two orders of lnagnit~ldc fro)n quicscc]lcc  to outburst, while
the 11 Cl 1 emission lines l)rcscllt  during quicsccncc  arc not ol)scrvcd during outburst. This
il)clicat,cs  that tllc cffcctivc  tclll])craturc  {Jf tllc not  colll~)O1]cILt  dro~)s  frolll 2“ W 10sl{ i n
quicsccllcc  to T < 60, 0001{”  during outburst (KcIlyon ct al. 1991; KcIlyoll  & Miko}ajcwska
1992).

.< “4 .
:.

Ill tllc present calculations wc found out that the Ixm]ldary  layer call rcacll  a, tcm-
]~craturc  al)ovc 10S 1{, ~,sslllning for tllc accrctillg star a ]Ilass M* :. ().5 MC) and a radius
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Itx = 0.21?... These wducs arc ill Oair-ly good agrccmcllt with tllc first estimates of Kcmyon
ct al. (1 991) and KcIlyon & Mikolajcwska  (1 992).

Furthermore, we obtainccl that the maximmn cffectivc temperature of the models
initially follows the incrca,sc of the mass accretion rate, but, it sto])s  to do so as the mass
accretion rate approaches 10--4 solar mass pm year. A sinlilar stanclsti]l  in the cffcctivc

tcl npcraturc,  for silnilar  values of At, was obt ainccl  for discs around prc-main scqucncc
stars (1’opham  ct al. 1993). This rcsult~ ‘was bclicvcd  tc) bc due to both an incrcasc ili
the boundary layer  width and a larger stellar radius at high accretion rates (Popham  ct
al. 1993).  In our calculations the high accretion mass models ancl the low accretion mass
models were all computed with the sarnc radius. In order to scc tllc effect of the radius on
the txxnpcraturc,  onc has to consider TaMc 1. l’hc first set of results in TaMc 1 (models
1,5,31 and 2) show that the maximuxil effcctivc tclllpcraturc  is roughly proportional to
1 /ii?,. Clearly, in order to fit the observations, O]]C has to increase the radius of the
accrcting  star by a factor of 2-3 during outburst. The lack of incrcasc in the cft’cctivc
temperature is not sufficient to explain the obscrvati  ens.

An additional factor which should bc t;Lkcn  into considcraticm  is the cooling duc to
the vertical expansion c)f the disc, which is not, fully t akcn illtc) account in the calculations,
sillc,c tllc cquatic)lls  arc not SOIVCC1 in tllc vertical cli]t:ctic~ll but only illtcgratcd vertically.

However, more physical ixlsight  can bc obtain(:d  by comparing the boundary layer
luminosity and the accretion lumillosity.  Assuming a gconmtrically t]lin disc, the boundary
layer lulninosity  can bc given by (Kluzlliak 1987): 1/~,~  = (1 --0, /01{, )2.1J~CC/2,  where Q* is
t}lc arqylar  rotation rate at the outer stc]lar  cllvclop, fl~{. is the l{c~dcrian angular vclc)city
at O1lC stellar radius and l~~CC  == GAI. &f/A’* is the accrctiml luminosity. In the present
case, this is a rough approximation, since the high accretion models have H/r w 0.4 and
a boundary layer of large radial extent. A colnpal  i son bctwccll the cxpcctcd  boundary
layer lu]ninosity  1,~~ and the lumillosity obtained frcml  the calculations 1,;,  == ~ 2mFzdr,

shows tlmt  at high accretion mass rates L~l is significwltly smaller than l.~~. Since a nom
flux lmundary condition is used at the i]mcr  edge of tllc bcmndary  layer, this energy is
aclvcctcd across the inner boundary. The advcctcd ‘flux’ c)f c] lcrgy is J’~~. = v~pc, where
p< = 37Z.p7’/2p  + aT 4. III tab]c 2 wc show the rat c of cllcrgy which is advcctccl across
the inner boundary l.~dv  =: 2n r2~~];LdV,  thC cxpcctcd  bOUIICIZU  y lUIllklOSity  L;} and thC

bcmlldary layer luminosity 1,~[ obtained ill the calculations for the high accretion mass

rate models (23, 24 and 4, modc:ls  for which ~~1 is significantly lower than ~~~~ ). For M >
10--4 A4c)/y, more tllall 30 pcrccmt of the cllcrgy dissipated ill tllc boulldary  layer region ‘
is advcctccl into tllc illllcr bcnuldary,  and o]lly  2/3 is ra(li:it{:d  vertically (silnilar  results

were obtained for accretion discs around prc-main scqucncc  stars with M x 10–4 AfO/y  in
Godon  1995 b). 1x1 figure 4 wc }lavc clrawn the acl~cctivc  flux of energy -F~~V (thick lillc)
mlcl tllc radiative flux of cl~crgy l~r (dotted lillc)  ill the illllcr  ~)art  c)f the disc for model
’24. Tllc energy dissipated in the dynamical boul)dary layer region is radiated outward
(l; > 0, sillcc the mid-plane tcmpcraturc  TC dccrcascs xnonotcnlously  outward) and is
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rcsponsi’ ~lc for the formation of a thermal boundary ayer of large radial extent and low
30 percent of the energy radiatedtmnpcraturc. The energy advcctcd  inward is about

radially outward. The inner part of the clisc. is thcrcfo~  c partially dominated by advcction.
In fact as expected in advection-domin  a,tcd discs (Narayan  & Yi 1994 ), the inner part of
the disc is sub-Kcplcrian  and H/r is of the order of c)]~c,

Our onc-dimcmsioxml  zqqn-each must bc considcxed as a very rough approximation
whml M % 10–4 M@ /y. In fact, advcct ive accretion flows arc quasi-spherical (Ilcgclman
& M?icr  1982), and a two-dimensional approach migl Lt be nccdcd  to resolve the accretion
problcm.  In addition, the accretion rcachcs the Edd ington linlit.  Assuming an electron
scat tering opacity and a solar composition for the accretion flOW leads to ~~acc /LE~~ E

800 x fi(kfo  /y)(R* /@))-’. With a stellar radius  of 0.21i?@,  t]lc 13ddington  limit for the

mass accretion rate bccomcs  M~;dd H 2.6 X 10--4 lld~y “ . Agaill, in this limit the flow
is quasi-spherical (Ilcgclmali  & Meicr 1982). Moreover, tllc fate of the advccted energy
is not clear. An intcrcstillg  issue, however, is one in which the advccted energy would
change tllc cquilibriuln  of the accrcting  star and irrducc  al] incumsc of the stellar radius
(or at least an increase of the outer envelop of the star). As tllc mass accretion rate

incrcascs from M w 10-slufc)/y  up to 3 x 10- 4MO/Y,  thc c~l(~rgy  gained bY the star
through accretion incrcascs  from ( == lJadu/LacC  ~ 0.001 up to C ~ 0.12. ~~volutionary
calculations of accrcting  stars (] ’riahlik  & Livio 1985) show that a 0.5A40  star with a deep
convective envelop is proncd  to incrcasc  its radius /lftCI’  it has accrctcd a fcw X 10–4 hf~
and wl~cn ~ > 0.05 and Al > 10-  GMO/y. Tllc  incrcasc of the stellar radius could explain
tllc dranlatic  fall of tllc twnpcrature  of the irulcr ~Jart of tllc disc (models 1,5,31 and 2
ill WLblc  1), howmwr  tllc tcnnpcraturc  and tllc lunlinosity of tl)c accrctirlg  star arc also
increasing significantly as tllc raclius illcrcascs.

Advcctivc  flows arc also susceptible to ]n-oducc  outflows (Nmayan & Yi 1994), which
could interact with the accretion disc. Obviously, t hc physics ilivolvcd in advcctivc  flows
is att,ractivc  since it sccIns that it could help to understand the bchaviour  of outburst in
syml)iotic  binaries, but it is far beyond tllc scope of the ])rcscl~t  ollc-di[r~cllsiollal  calcula-
tions.
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Figure 1.. The maxi]num cffcctivc  tcm])crat  urc reached ill tllc boundary layer region
as a fullc,tion of the xnass accrctlioll  rate. The tcmpcraturc  is g;ivcn in units of 1031{, and
the lnass accretion ra,tc is in log(A4~/y). The accrcting star l]as a mass of lvf, == 0.5i’vf~
alld a radius R* = 0.21t0. The tcmpcraturc  initially tracks the incrcasc of mass accretion
ra.tc,  but it slightly drops close to the maxilnum,

Figure 2a. ‘llc cffcctivc  temperature (in Kelvin) in tllc inner part of the disc is
drawll  as a function of tllc radius (in ullits c)f R* ), for model 3 (SCC table 1).

Figure 2b. Tllc vcrtica] thickness of the disc H/r is drawn as a function of the
radius, for model 3.

l’igurc  2c. The angular velocity f~(r)/~I{(r)  is draw]] as a functioxl of the radius,
for Inoclcl  3.

Figure 3a. The cffcctivc  tcmpcraturc  ill the ilmcr part of the disc for model 22.

Figure 3b.  The vertical thickness fo tllc disc H/r for Jllmlcl 22.

l’igure  3c. T’hc angular velocity for model 22.

Figure 4. The advcctivc  ‘flux’ of cncr{;y (full line) and the radiative flux of energy
(dotted-line) arc drawn as a function of the radius (in units of 1/, ) for ]nodcl 24. OIIC
tllircl  of the cIlcJ’gy dissipated ill tllc dyl~alnical  lxnuldary layc.r is advcctcd  into tl~c inner
l)oul](lary and oxlly 2/3 contriljutcs  to t}lc boundary layer lulnillosity.
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‘1’AI]LE  1
DOUNDAILY l,AYER  MODIH,S FOR SYMRtOl[C IIINARIES

—.————. .. ——— ——. ——. .-. - . ..—.—-.. — . ———-.-—. —
[1] [2] [3] [4] [5] ‘ [q ‘“’

model A4. R* Ii ~;;:

(h40) (lt~) (h4fl/y) (1{*) .(::*)_

1
— . .  .

0.5 0.4 2.OX 10-5 0.17 0.30
~ 0.5 0.3 4.OX 10-5 0.240.16 0.35

31 0.5 0.2 2.5 X 10-5 0.25.0.16 0.50
2 0.5 0.2 4.OX 10-5 0.300.20 0.7(1

3 0.5 0.2 1. OX1O-5 0.15.0.12 0.40
31 0.5 0.2 2.5 X 10-5 0.25-11.16 0.50
2 0 . 5 0.2 4.0 x 10-5 0.3@0.20 0.70
22 0.5 0.2 7.OX 10-5 0.35-(1.20 1.00
23 0.5 0.2 9.OX 10”5 0.2G (1.20 0.70
24 0.5 0.2 1.8x 10” 4 0.37-0.23 0.70
4 0.5 0.2 3.0 x 10-4 0.4&0.25 0.70

rj 0.5 0.3 4.OX 10 5 0.24-0.16 0.35
6 0.4 0.3 7.0 x 1(1”-~ o.2&o.20 0.50
8 0.3 0.3 2.0 x 10-”5 0.18 0.40
7 0.3 0.3 2.OX 10-4 0.40 ().25 1.00

-—.———
[7] [8]

~::: 7;’’/;”
(R . ) (]03K)

—
0.10 Go
0.15 97
0.10 120
0.20 130

0.05 100
0.10 120
0.20 130
0.20 136
0.20 126
0.40 135
0.50 135

0.15 97
0.15 88
0.10 69
0.40 94

. _____ . .
*In co!un)n  5, tl,c first value corrcponds  to 11 in the tmundarj  Iaycr  region, the mcmnd refers  to the region

of tl]c disc directly wlj cent to t}[e  bounclary  layer.
Y,

. .



. . . .,

‘1’A I ]1.E 2

[6]
I)adu

(1036e,g)

1.
3.
5.6

I



0
0
ml

z
T--

0
0
w--

Figure 1.

*

* * **

*

*

—1-l_LL.l-L-l_d_L-1--L.J~_L._l  J. -l__J._. l_..L__l  I I L

–5.5 --5 --4-.5 - 4 –3.5 --3

Mass accretion rate



Figure 2a.

1.5X105

105

5X104

o
1

Effective Temperature

-——— _,_--—_ __ _–—(_...““”--”-—-”~

~———. —— .—. —. . . . . . .

—J___  —.–

1.2 1

.—— — _.._ —l———

6 1.8

r



Figure 2b.
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Figure 2c.
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Figure 3b.
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